An analog of the antibiotic netropsin containing two netropsin-like fragments linked covalently via a platinum atom has been synthesized. DNase I and hydroxyl radical footprlnting studies have shown that this compound binds at selective sites on a DNA restriction fragment with a known nucleotide sequence. After X-ray Irradiation of Pt-bis-netropsln-DNA complexes a platinum-mediated cleavage of DNA is observed at specific DNA sites. This enables one to determine the location of the synthetic llgand on the DNA with a precision of about one nucleotide. The cleavage activity seems to be related to the emission of Auger electrons from the platinum atom that cause rupture of the deoxyribose residues on the two DNA strands near the position of the platinum atom in the complex.
INTRODUCTION
There is much interest in the design and synthesis of chemical compounds capable of interacting specifically with defined nucleotide sequences in DNA [1, 2] . These compounds can penetrate through cellular membranes and might affect specifically the activity of certain genes in bacterial and eukaryotic cells and serve as effective antiviral and antitumor agents. In this regard the development of new methods for determining the preferred binding sites of ligands on the surface of the DNA double helix is of great importance. One example is the classical footprinting method that involves cleavage of the ligand complex with end-labeled DNA restriction fragments with a DNA cleaving agent and subsequent analysis of the cleavage products by means of high resolution gel electrophoresis [3] [4] [5] . In addition to different variants of the footprinting technique, Dervan et al. [6] has proposed an affinity cleaving method. They have introduced a DNA cleaving group into a synthetic sequence-specific ligand, thereby converting a sequence-specific DNA binding molecule to a bifunctional molecule capable of binding and cleaving DNA at the recognition site. Dervan et al. have synthesized analogs of the AT-specific antibiotic netropsin [7] tethered to the iron chelator, EDTA [6] . These analogs bind noncovalently to doublestranded DNA. Like the naturally occurring antibiotic bleomycin, these compounds can cleave phosphodiester bonds at or near the site of ligand binding.
Another approach to the design of synthetic DNA cleaving molecules involves attachment of electrophiles or photosensitive groups to a sequence-specific DNA binding molecule. However, for estimation of the sequence specificity shown by a DNA binding molecule these methods are not preferred over the classical footprinting technique due to a strong selectivity of the chemical alkylating reaction [7 -10] .
In order to determine the location of the preferred ligand binding sites on DNA a more helpful approach seems to be a technique which makes use of a physical process that may cause rupture of any bond in the DNA. An obvious example is the approach developed by Martin and Holmes [11] who found that introduction of radioactive ]25 l into the sequence-specific dye Hoechst 33258 converts the dye molecule to a sequence-specific DNA-cleaving agent. The cleavage activity arises from emission of very low energy Auger electrons due to the decay of the radioactive iodine. The decay was accompanied by multiple cuts of phosphodiester bonds on the two DNA strands.
The idea of the present approach to synthesis of sequencespecific DNA-cleaving agents is based on the known capacity of various atoms to adsorb X-rays with markedly different efficiencies. We have synthesized a sequence-specific DNAbinding analog of the antibiotic netropsin in which two netropsinlike fragments are covalently linked via the cis-diammineplatinum(II) residue [12, 13] . This synthetic ligand will be referred to as Pt-bis-netropsin. After irradiation of the Pt-bis-netropsin-DNA complex with X-rays selective cutting of DNA is observed at the preferred ligand binding sites.
MATERIALS AND METHODS
End labelled DNA fragments were obtained by cleaving pUC-9 plasmid with Sau 96 I ('BRL') or Dde I ('Boehringer Mannheim') with subsequent separation of DNA fragments in 5% polyacrylamide gels. In order to introduce a radioactive label at * To whom correspondence should be addressed one of the fragment's 3'-end, the appropriate [a-32 P]NTP ('Isotop', Tashkent) and Klenow fragment of Escherichia coli DNA polymerase ('Boehringer Mannheim') were used [14] . The A and B fragments (166 and 616 base pairs respectively) contain nucleotides: 1484-1650 (fragment A) and nucleotides 2053-2669 (fragment B). In the plasmid pBR-322 these sequences exist between nucleotides 3159 -3325 and 3728-4344, respectively.
Preparation of the Complex. A 5 fi\ portion of a solution of the DNA labelled fragment (3,000-10,000 cpm) and unlabeled DNA pUC-9 at a concentration of 4 10~5M (base pair) in 10 mM Tris-HCl (pH 7.5), 0.25 M NaCl, 10% glycerol directly before irradiation was mixed with 5 /tl Pt-bis-netropsin [12] solution at concentration 1) 0 ; 2) 1 • 10" 5 M; 3) 3.3-10~6M and 4) l.l-10~6M in the same buffer in 0.5 ml 'Eppendorf polypropylene tubes.
X-Ray irradiation. For irradiation a 5BXV6 X-ray lamp (USSR, tungsten anode , U = 35 KeV, 1=80 mA, dose capacity = 15 KRad/min) was used. The tungsten polychromatic X-ray irradiation is represented by quanta with energies ranging from a few KeV to 35 KeV with a maximum at 22.5 KeV. The irradiation was carried out at 10°C for 2 min in polypropylene tubes with approximately 1 mm thick walls. Under these condition practically complete filtration of soft X-ray irradiation (with energy less than 10 KeV) take place.
After irradiation 90 /d of a solution containing 50 mM TrisHCl buffer (pH 7.5), 0.15 M NaCl, 10 mM EDTA and 10 ^g/ml tRNA were added. The DNA was purified by extraction with phenol, precipitated with ethanol, washed with 70% ethanol, dried, dissolved in 1.5 /tl of formamide-dye mixture, heated 1 min at 90°C and applied to an 8% denaturing polyacrylamide gel 40 cm long with a gradient thickness of 0.15-0.45 mm [15] . Electrophoresis proceeded for 75 min at 45 WT (2000 V). Before exposure the gel was fixed with 10% acetic acid and dried on glass pretreated with 'Bind-silane' ('LKB'). Cleavage products were identified by comparison with an A+G Maxam-Gilbert sequencing ladder [4] .
DNase I footprinting was carried out according to a standard procedure [3] with the above-listed concentrations of the ligand under conditions identical to those used for experiments with Xray irradiation.
Hydroxyl radical footprinting was carried out as reported in ref. [16] .
Autoradiographs were scanned with a LKB 2222-010 Ultroscan XL laser densitometer using an aperture width of 0.05 mm with collection of data points every 0.04 mm interval of lane. Fig. 1 shows chemical formulae of netropsin and Pt-bis-netropsin that contains the two netropsin-like fragments linked covalently via the cis-diammineplatinum(II) residue. In the Pt-bis-netropsin molecule the dimethylamino group was substituted for the netropsin amidine group and the netropsin guanidylacetic acid residue replaced by a glycine.
RESULTS
In Fig.2 the DNase I and hydroxyl radical cleavage protection profiles [16] and cleavage profiles obtained after X-ray irradiation with and without 1 M glycerol generated by Pt-bis-netropsin on a DNA restriction fragment A (166 nucleotides) are presented.
In the left and right parts of the picture the cleavage protection patterns generated by Pt-bis-netropsin on the two DNA chains are shown. The concentrations of Pt-bis-netropsin were about one molecule per 4, 12 and 36 base pairs, respectively, in the presence of 0.25 M NaCl. The densitometer tracing ( Fig.3a and 3b ) enables one to measure the extent of protection from DNase I and hydroxyl radical cleavage of DNA caused by Pt-bis-netropsin at the central part of the DNA fragment.
Comparing cleavage protection profiles of Pt-bis-netropsin complexes obtained with DNase I and hydroxyl radicals, one can conclude that Pt-bis-netropsin protects a number of AT-rich sites on the DNA. The protected regions are indicated in Fig.4 . Upon X-ray irradiation of the free DNA fragment in glycerol-free solution the DNA is randomly cleaved in close similarity with the cleavage pattern of the same fragment generated by hydroxyl radicals in the EDTA-Fe 2+ /H 2 O 2 /ascorbate reagent system. After irradiation of the Pt-bis-netropsin-DNA complexes the following effects were observed: i) a decrease of the rate of nonspecific DNA cleavage associated with the strong absorption of X-ray irradiation by platinum atoms, ii) a small protection from cleavage of the sites on the DNA fragment to which Pt-bisnetropsin binds and iii) appearance of new cutting sites near the center of the Pt-bis-netropsin binding sites (Fig 3c) .
Upon X-ray irradiation of the free DNA fragment and its complexes with Pt-bis-netropsin in the presence of 1 M glycerol, a strong decrease in the non-specific cleavage is observed. However, the cleavage rate at the center of the Pt-bis-netropsin binding site is either not changed or even increased (Fig. 2, 3c and 3d).
In the nucleotide sequence of the DNA fragment shown in Fig.4 the cleavage sites observed at low bis-netropsin concentrations (less than one molecule per 36 base pairs) are indicated with long arrows. Additional cleavage sites seen at higher ligand concentration are shown by short arrows. One can see that each cutting site on the upper DNA strand is correlated with the appropriate cutting site on the lower DNA strand with 
DISCUSSION
Upon radiolysis of dilute aqueous solutions the major active particles capable of initiating disruption of DNA chains appear to be H • atoms, hydrated electrons and OH radicals which are formed with yields 0.55, 2.7 and 2.7 unit/100 eV, respectively [17] . As established at present [18] , the disruption of DNA upon radiolysis occurs via formation of intermediate radical centers which are formed upon elimination of hydrogen from ribose residues or as a result of attachment of radicals to the double bonds of DNA bases. In a air-saturated aqueous solution the concentration of oxygen is about 2.5-10~4 mole/1. Under these conditions the H • atoms and hydrated electrons are completely transferred to Oj -radicals. The disruption of the DNA chain can be initiated only by OH and 62-radicals [18] . The primary radical centers forming on the DNA are capable of binding oxygen with formation of the macroradicals of superoxide type. The monomolecular dissociation of superoxide macroradicals leads to DNA cleavage. Upon X-ray irradiation of a DNA fragment a strong non-specific cleavage of DNA is observed in close similarity to the hydroxyl radical cleavage pattern observed in the presence of EDTA-Fe 2+ /H202/ascorbate [ 16] . In the presence of Pt-bis-netropsin one could observe a small protection of DNA from cleavage at or near the sites of ligand binding (Fig.3c) .
On adding 1M glycerol to the reaction mixture OH radicals are transformed into relatively unreactive radicals of RO2 -type [17] . On irradiating the DNA solution in the presence of glycerol only a few cuts are observed (see Fig.5 ). It is interesting that the position of these cuts is sequence-dependent: cleavage is observed before the cytosine residues in sequences 5'-PuCPu-3' and 5'-PuCC-3' (Pu = purine).
Upon X-ray irradiation of the DNA complexed with Pt-bisnetropsin, new cutting sites are observed near the center of the It is well-known that absorption of photons of comparatively mild X-ray irradiation by atoms in the medium is accompanied by the photoeffect in the internal electron shells of the atoms of a solute substance [17] . The probability of photon capture is determined to a large degree by the ratio of a absorption coefficients for all atoms present and energies of photons. As a result, depending on which atom in the given molecule absorbs the photon, the fate of the molecule can be different. Absorption of the X-ray photon whose energy is dozens of KeV by an atom with a large cross section leads to the emission of the photoelectron from one of the internal (K, L, M etc) shells. Subsequent filling of the 'hole' in the electron shell is accompanied either by emission of an X-ray photon, or by emission of several Auger-electrons from external shells of the atom with formation of a multi-charged positive ion.
The low-energy Auger-electrons are thermalized in the vicinity of the positive ion, losing energy upon ionization and excitation of the molecules of the surrounding medium with formation of short-lived products of radiolysis. So, at this stage, the formation of a radical center on the DNA double helix is possible. Besides, as a result of the neutralization of the positive ion which occurs in parallel with the 'Auger-radiolysis', a great amount of energy (dozens of eV) is released, which is sufficient for disruption of several chemical bonds (The energy of a chemical bond equals 3-4 eV on average). Finally these processes lead to the disruption of DNA.
A possible contribution of the Auger-mechanism resulting from selective absorption of the energy by the atoms making-up the molecule was first noted by Platzman in 1952. However, this idea was substantiated experimentally much later (see Review [17] ). In the last 15-20 years the Auger-mechanism of molecular decay under X-ray action was well-substantiated. In one of the works of Halpern [18] it was called 'micro surgery" on biomolecules. This mechanism of molecular decay, including molecular biological structures, underlies numerous variants of anticancer therapy with the aid of X-ray and synchrotron irradiation [17] including a photon X-ray therapy [19] .
Upon X-ray irradiation of a dilute aqueous solution of DNA X-rays are absorbed mainly by water molecules. Due to the low concentration of DNA in solution and a small difference in the number of electrons between atoms C, N, O and P the absorbance of X-rays by DNA molecules is negligible as compared to that of the surrounding medium. In the presence of platinum atoms the picture is quite different. For a photon with energy ranging from 15 to 35 KeV, the mass absorption coefficient of the Pt atom is more than 20-200 times greater than that of the atoms C, N, O and P (estimated according to [17] ). So, upon polychromatic X-ray irradiation with the maximum photon energy in the region of 22.5 KeV the probability of seizure of the X-ray photon by the Pt atom exceeds by nearly 200 times the probability of seizure by any other atom in the Pt-bis-netropsin-DNA complex. So, nearly all the amount of the absorbed energy is emitted from the platinum atom.
Filling the 'hole' in the L-shell of the Pt atom occurs in accordance with the selection rules as a result of the electron transition from one of the above-lying levels, with either X-ray quantum or Auger-electron being emitted. The emitted X-ray quantum can be subsequently seized by the same atom with Auger-electron emission. For the Pt atom the photoeffect from the L-shell causes a cascade of Auger-electrons with the probability 0.65 [11] within a time interval on the order of in the neighborhood of the Pt atom local radiolysis might take place. On the other hand, the appearance of a multi-charged positive ion Pt n+ induces a series of neutralization reactions, which are connected with the redistribution of the boundary orbitals of the Pt atom in the Pt-bis-netropsin molecule. Finally these processes lead to breakage of certain DNA chemical bonds.
Analysis of the Pt-bis-netropsin binding sites shows that in our method cleavage of the polynucleotide chain occurs preferentially only at one nucleotide, unlike the cleavage pattern obtained by netropsin analogs tethered to an iron chelator.
From the X-ray data for DNA-netropsin complexes [20] [21] [22] , it follows that netropsin binds in the minor groove to a run of four AT base pairs where the width of the minor groove is smaller than in the mixed sequence DNA regions [21] . In the central part of the Pt-bis-netropsin there are two positive charges on the Pt atom. This seems to favor a closer approach between the Pt atom and the deoxyribose residues in the opposite DNA strands. The characteristic time for formation of the multicharged Pt ion upon X-ray irradiation and its subsequent neutralization and for cleavage of DNA, seems to be relatively small compared to the dissociation time of the Pt-bis-netropsin-DNA complex [23] . Therefore, for each binding site one can observe preferentially a single cutting site on each of the two DNA strands. Such an accuracy of cleavage allows us to compare Pt-bis-netropsin affinities for adjacent and even partially overlapped binding sites on DNA. This seems to be an advantage of our approache over various modifications of the footprinting and affinity cleavage techniques The latter usually give a more integral picture concerning the distribution pattern of ligand on DNA. For example, as one can see from Fig.3d , fragment A contains the two overlapped strong binding sites with sequences TTTTAAAT and AATTAAAA. At low concentrations of bis-netropsin when each sequence is complexed with a single Pt-bis-netropsin molecule, the cut sites are observed at both sequences. At the saturation levels of binding a shift of the cleavage site by one nucleotide is observed at the second sequence. It seems likely that occupation of the stronger affinity binding site located in the first sequence disturbs the binding of a second molecule which appears to be partially bound (only one half of the bis-netropsin is attached to DNA).
It is not easy to find the optimal sequence for binding of lowmolecular-weight molecules due to their comparatively low binding specificity. At high levels of binding, Pt-bis-netropsin binds practically to any sequence which contains more than three successive AT base pairs. The possibility to accurately determine the location of the preferred binding sites for Pt-bis-netropsin using X-ray irradiation allows us to perform a rapid screening of a large number of preferred binding sites on DNA at different ligand concentrations in order to determine sequence preferences of the binding reaction. We have analyzed the cleavage patterns observed upon X-ray irradiation of Pt-bis-netropsin complexes with a number of DNA restriction fragments containing a total of over 3 • 10 3 base pairs. Table 1 contains the sequences near the cutting sites in which the rate of cleavage markedly exceeds the rate of nonspecific cleavage on the both strands of the DNA fragments. The upper part of the Table lists the frequencies of the occurrence of the bases in the vicinity of cutting site at high Pt-bis-netropsin concentrations.
In positions 1,2, 11 and 12 the occurrence of each of the four bases is very close to that expected for a random nucleotide sequence. However, in the eight central positions adenine and thymine bases occur predominantly. The presence of guanine and cytosine bases in these positions can be explained if only one netropsin-like fragment of the Pt-bis-netropsin is attached to DNA. Our data are consistent with the inference that Pt-bisnetropsin binds preferentially to the pseudosymmetrical sequence 5'-TXTTAAYA-3' where X and Y are adenine or thymine bases, although cytosine and guanine may also occur in these positions. In the lower part of the Table the frequencies of the occurrence of the various bases at the preferred binding sites observed at low bis-netropsin concentrations are listed. In the sequence shown in Fig.3 there are three strong binding sites between nucleotides 1556-1563, 1561-1568 and 1565-1572. It should be noted that the practically complete absence of sequences with GC base pairs at the central part of the recognition sites for Pt-bis-netropsin can be explained by the fact that upon binding of bis-netropsin to such sequences the Pt atom is located too far from the deoxyribose residues, presumably, due to steric hindrance caused by the guanine 2 amino group.
The presence of four thymine and four adenine residues in the left-and right-hand parts of the recognition sequence proves that each fragment of the bis-netropsin molecule binds in an asymmetrical manner to DNA. Fig.7 illustrates the proposed model for the strongest type of DNA complex with Pt-bisnetropsin. Like netropsin, Pt-bis-netropsin binds in the DNA minor groove. It occupies 8 base pairs upon binding and forms 6 bifurcated hydrogen bonds connecting each amide group with the two adjacent AT base pairs.
The 3' end-labeled DNA fragments obtained after X-ray irradiation of DNA complexes with Pt-bis-netropsin exactly comigrated with the 5'-phosphate-ended Maxam-Gilbert sequence markers, suggesting that cutting sites induced by X-rays also contain 5'-phosphates.
This demonstrates that the deoxyribose residues adjacent to the Pt atom are attacked. The absence of new bands upon piperidine treatment of the DNA fragments obtained after X-ray irradiation of Pt-bis-netropsin complex with DNA (not shown) suggests that the bases are not damaged [24] . This is also supported by the fact that cleavage occurs nearly identical with nearly the same efficiency at all sites with no dependence on the nature of the base attached to the attacked sugar.
Introduction of a heavy atom in a DNA binding ligand and irradiation of its complexes with X-rays allows one to determine the sequence preferences for binding of the ligand to DNA.
It should be noted that our approach can be easily applied to the determination of sequence preferences shown by other DNAbinding molecules. The observed cleavage mechanism can be used to construct and synthesize other compounds that may cut DNA at specific sites. These results are also of interest for radiobiology and X-ray therapy of tumors. Introduction into a sequence-specific ligand of an inert group, capable of triggering a mechanism of DNA modification only under X-ray irradiation might be of interest for cancer therapy.
